Characterizing the genome of mature virions is pivotal to understanding the highly dynamic processes of virus assembly and infection. Owing to the different cellular fates of DNA and RNA, the life cycles of double-stranded (ds)DNA and dsRNA viruses are dissimilar. In terms of nucleic acid packing, dsDNA viruses, which lack genome segmentation and intra-capsid transcriptional machinery, predominantly display single-spooled genome organizations [1] [2] [3] [4] [5] [6] [7] [8] . Because the release of dsRNA into the cytoplasm triggers host defence mechanisms 9 , dsRNA viruses retain their genomes within a core particle that contains the enzymes required for RNA replication and transcription [10] [11] [12] . The genomes of dsRNA viruses vary greatly in the degree of segmentation. In members of the Reoviridae family, genomes consist of 10-12 segments and exhibit a non-spooled arrangement mediated by RNA-dependent RNA polymerases [11] [12] [13] [14] . However, whether this arrangement is a general feature of dsRNA viruses remains unknown. Here, using cryo-electron microscopy to resolve the dsRNA genome structure of the tri-segmented bacteriophage ɸ6 of the Cystoviridae family, we show that dsRNA viruses can adopt a dsDNA-like single-spooled genome organization. We find that in this group of viruses, RNAdependent RNA polymerases do not direct genome ordering, and the dsRNA can adopt multiple conformations. We build a model that encompasses 90% of the genome, and use this to quantify variation in the packing density and to characterize the different liquid crystalline geometries that are exhibited by the tightly compacted nucleic acid. Our results demonstrate that the canonical model for the packing of dsDNA can be extended to dsRNA viruses.
Thermo Fisher Scientific, Eindhoven, The Netherlands. 5 Department of Biochemistry, Institute for Protein Design, University of Washington, Seattle, WA, USA. 6 Helsinki Institute of Life Science HiLIFE, University of Helsinki, Helsinki, Finland. *e-mail: juha@strubi.ox.ac.uk the structure of the icosahedral double-shelled capsid to a resolution of 3.5 Å using cryo-electron microscopy (cryo-EM) ( Tables 1, 2) . Consistent with our previous findings 18 , the capsid is composed of 240 trimers of the outer-shell protein P8, together with 60 asymmetric P1 A -P1 B dimers that form the inner shell. We resolved dsRNA density using a multimodal priors maximum likelihood refinement and volume classification without any symmetry constraints (see Methods) (Fig. 1b, Extended Data Fig. 1 , Extended Data Table 2 ). In some regions, the major and minor grooves of the A-form double helix are discernible (Fig. 1b, inset) . Most of the dsRNA follows an approximate D3 symmetry (Fig. 1c) , with five layers of supercoiled dsRNA spooled around an axis of icosahedral three-fold symmetry (Fig. 1d, Extended Data Fig. 2) . In each layer, the central equatorial parts of the spool are considerably better resolved than the top and bottom regions. In most areas, however, individual strands of dsRNA are resolved (Extended Data Fig. 2 ). NA, not assigned. f, The same model as in e is shown rotated as indicated, and a slab of RNA is shown. The insets show the same areas as in c and reveal hexagonal (top) and cubic (bottom) packing. g, Curvature value histogram for the five layers. The mean and s.d. of a fitted Gaussian function is given for each layer. h, A slab of the model is shown to highlight the areas of high curvature at the top of the spool. The inset shows a nearly straight area of the genome in the first layer (1) and the second layer (2) . i, A slab of the model in h is shown rotated as indicated to show the nearly straight stands in the middle of the spool.
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The first (outer) layer displayed several slightly different pseudo-D3 geometries (pD3, pD3′, pD3′-1, pD3′-2, pD3′-3; Extended Data Fig. 1) , and was particularly well resolved in pD3′-1. This map, together with the pD3 map in which the resolved parts of the dsRNA strands in layers 2-5 were unambiguous, was used to build a model that covers around 90% of the dsRNA genome (total length 13,385 bp; Fig. 1e , f, Extended Data Fig. 2 ). Layers 1, 2, 3 and 4 are centred at radii of 201, 170, 141 and 107 Å, respectively, and the fifth layer is centred at a radius between 65 and 100 Å (Fig. 1d) . The mean interstrand distance is 26 Å between strands in the same layer, and 29 Å between strands in different layers. The first four layers (1-4) are organized as nearly coaxial righthanded spools in which the inclination of the double helix axes to the spool axis is 82°, 77°, 77° and 81°, respectively (Fig. 1f) . By contrast, the innermost RNA does not follow this spooled arrangement. Instead, it is a barrel-like assembly of twelve ordered stretches of dsRNA, wound in a left-handed manner and running considerably more diagonally (36° inclination) than layers 1-4, at a distance of 70 Å from the spool axis (Fig. 1e, f) . This unique arrangement is probably required to avoid high degrees of curvature in the centre of the capsid. The remaining dsRNA (approximately 10%), which is located mainly at the spool ends, is disordered and could not be modelled. Notably, the RdRPs that are located under the three-fold axes in unpackaged ɸ6 particles 16, 19, 20 are displaced from these positions in the nucleocapsid. It is possible that they partially detach from the P1 shell as the capsid expands during genome packaging and replication. The volume close to the spool axis, including the top and bottom parts of the spool, is the only major volume not assigned to RNA, and the RdRPs might therefore locate within this volume-a hypothesis that will need to be verified by orthogonal methods 
Our model of the ɸ6 genome enabled a detailed analysis of how dsRNA packs in the confines of a viral capsid (Fig. 2) . The mean density of dsRNA was 350 mg ml −1 , which is consistent with our previous findings 22 and with density measurements for purified short dsDNA segments in the cholesteric phase [23] [24] [25] [26] . Densities for layers 1-5 were 389 ± 61, 391 ± 40, 355 ± 46, 338 ± 38 and 278 ± 58 mg ml −1 , respectively, which suggests that layers 1 and 2 are more tightly packed than the rest (Fig. 2a) . The local packing of the strands is tighter at the spool equator than at the top and bottom of the spool (Fig. 2b, c) . To characterize the local packing geometries, we calculated for each genome position how uniformly its neighbouring strands were packed around it (the polygonality index; see Methods). In all layers, the polygonality index varied across a wide range (approximately 0.45-0.95; Fig. 2d ), suggesting that there are different types of local packing geometry. A high order of polygonality can arise from an arrangement of strands that is either hexagonal or cubic (Fig. 2e, f) . Whereas the first layer has nearly equal amounts of these two types of arrangement (Fig. 2e , Extended Data Fig. 3 ), the fraction of cubic packing increases progressively in layers 2-5 (Extended Data Fig. 3 ). The resolved ends of the spool do not follow either of these two packing types; this might be a result of higher curvature of RNA in these areas (Fig. 2e, f) . The angle of curvature increased progressively in layers 1-4 (17 ± 6°, 18 ± 5°, 22 ± 6° and 24 ± 4°, respectively; Fig. 2g , h, inset). The spool ends, which are less densely packed ( Fig. 2c ) and less ordered than the middle of the spool (Fig. 2e , f), are also highly curved (Fig. 2h, i) . Together, these analyses show that the genome is a cholesteric liquid crystal with local cubic and hexagonal geometries that are perturbed by the curvature of dsRNA.
The observed liquid crystalline packing prompted us to further analyse different genome organizations by three-dimensional classification. This revealed a second, clearly distinct pattern for layer 1 (Fig. 3a, b, Extended Data Fig. 1 ). Unlike the pD3 symmetries discussed above (Figs. 1b, 3a , c, e) this arrangement shows an approximate two-fold symmetry (pC2; Fig. 3b, d ). Our findings are consistent with coarse-grained molecular mechanics-based simulations of dsDNA, which have suggested that packaged double-stranded nucleic acid may adopt a range of organizations 8 . Reconstructions of the pD3 sub-conformations (pD3′-1, pD3′-2, pD3′-3) revealed differences in the positions in which the RNA strands transition from the first layer to the second. This could provide an explanation for the number of discrete genome organizations in the first layer (Fig. 3f ). Furthermore, it is possible that other sub-conformations exist that were not detected in our analysis.
We hypothesized that the P1 shell partially orders the dsRNA, resulting in observable discrete organizations in the first layer. To define all putative RNA-P1 interactions and their frequencies over the 60 P1 A and P1 B chains, we calculated all respective pairwise distances. Of the amino acid side chains that were in close proximity to dsRNA, positively charged ones were overall slightly more frequent than negatively charged ones (Fig. 4, Extended Data Fig. 4 ). Three asparagine residues (Asn279, Asn406 and Asn570)-which could potentially interact with the minor groove of the dsRNA 27 ( Fig. 4a-c , Extended Data Figs. 5, 6)-as well as a helix composed of residues 205-217, were also often close to RNA (Fig. 4a-f) . The helix 205-217 has three hydrophobic residues (Met209, Ala212 and Ala216) that are aligned on the same face, and two positively charged residues (Lys215 and Lys208) on the two other exposed faces. This helix makes different types of contact with the RNA; it can be positioned on top or oriented orthogonally to the axis of one strand of dsRNA (Fig. 4d, f) , or wedged in parallel between two strands (Fig. 4e) . We propose that this helix might have a role as a guide for the nascent dsRNA segments during replication-in some areas acting as a spacer between the P1 shell and the RNA, and in other regions aligning between the strands to guide their direction.
The only other dsRNA viruses for which the genome organization has been determined are cypoviruses and aquareoviruses, which belong to the Reoviridae family 13, 14, 28 . Despite the fact that these genomes also display an approximate D3 symmetry, the ɸ6 structure is notably different. This may be a consequence of the differences in transcription mechanisms between the two virus families: (1) , whereas reoviruses have RdRPs that are active only in association with capsid-shell proteins 33, 34 . The observed nearly coaxially spooled organization of the first four layers of the ɸ6 dsRNA genome in cholesteric liquid crystal form instead resembles the conformations that have been suggested for many dsDNA viruses 6, 8, 23, 35 . In the case of cypoviruses, only one conformation of the dsRNA genome has been described; by contrast, the ɸ6 genome adopts multiple conformations that are clearly distinct. A further difference is that in contrast to the ordered RdRPs of cypoviruses (which are arranged proximal to the viral capsid) 13, 14 , ɸ6 RdRPs were not detected in the positions of three-fold symmetry that they occupy in empty, unpackaged viral particles 19, 20 . Instead, many of these positions were occupied by dsRNA. This suggests that the RdRPs detach from the P1 shell-a mechanism that could potentially prime the particles for transcription. The perpendicular arrangement of RNA strands in the middle of the spool allows relatively unstrained occupation of this low-radius region and might-in conjunction with the coaxially spooled arrangement that accounts for the rest of the layers at higher radii-be a way to optimize the packing. This arrangement may also provide the required flexibility and space for the mechanics of RNA transcription and for the exit of the transcripts. Further cryo-EM studies will be needed to ascertain whether this organization is used more widely in dsRNA viruses, as well as how it is created during genome replication and how it enables transcription of the genome segments.
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Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-019-1229-9. 36 and purified in the presence of 1 mM MgCl 2 and 0.1 mM CaCl 2 as described previously 37 . Nucleocapsids were produced by Triton X-114 extraction and purified as described previously 18 . A 3-μl aliquot of sample, diluted in buffer (20 mM KPO 4 , pH 7.2, 1 mM MgCl 2 , 0.1 mM CaCl 2 and 150 mM NaCl) to a concentration of 3 mg ml −1 , was applied to a glow-discharged grid (C-flat; Protochips) and vitrified by plunge-freezing into liquid ethane using a vitrification apparatus (Vitrobot; Thermo Fisher Scientific). Data acquisition. Data were acquired over a single four-day session using a 300-kV transmission electron microscope (Titan Krios; Thermo Fisher Scientific) equipped with a direct electron detector (Falcon II; Thermo Fisher Scientific). Movies (33 frames, each frame 0.0625 s) were collected at a dose rate of about 32 e − per pixel per second at a calibrated magnification of 98,592×, resulting in a total dose of 33 e − per Å 2 and a pixel size of 1.42 Å. Data acquisition statistics are summarized in Extended Data Table 1 . Data processing. Movie frames were aligned to account for drift 38 and contrast transfer function parameters were estimated 39 . A total of 4,414 movies, showing minimal drift and astigmatism, were used to pick approximately 86,000 particles. Particles were extracted for two-dimensional reference-free classification in RELION v.1.4 40 . Particles from classes that showed a packaged genome and complete P1 and P8 layers were selected for three-dimensional classification using a previously published nucleocapsid structure (EMD-1206) as an initial model. A subset of approximately 55,000 particles that were extracted from movies was refined using standard refinement and particle-polishing protocols implemented in RELION v.2.0.3, and by applying icosahedral symmetry (Extended Data Fig. 1 , Extended Data Table 2 ).
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To reconstruct the genome without icosahedral symmetry, the contribution of the capsid was first subtracted from the original images using relion_project 41 . The source code of RELION v.2.0.3 was modified to extend the prior information used in each iteration from 1 orientation to the 60 icosahedrally related ones. This multimodal prior implementation within the maximum likelihood framework of RELION was used to restrict the angular search to the 60 prior orientations, thus relaxing the symmetry from I1 to C1 (Extended Data Fig. 1 ). Three-dimensional classification using a single class was performed and the resulting map showed clear density for the outer dsRNA layer but not for the other layers, suggesting that the layers might be disordered relative to each other. To improve the density of the outer layer, the classification was rerun using a mask to exclude the contribution of the inner layers. To discern between the different genome conformations, localized reconstruction 20 was performed on the area where the density was poorest. This led to a pD3 organization (around 57% of particles) and a pC2 organization (around 43% of particles). Whereas the pC2 class was mostly well resolved, the pD3 class presented several density ambiguities, indicating that there might be an overlap between multiple sub-conformations with even more subtle differences. To distinguish these sub-conformations, localized reconstruction was used again on the same area of poorly resolved density. Following this, multiple classes were well resolved-albeit at lower resolutions because of the decreased number of particles.
To obtain the structure of the second layer without the bias introduced by the better-resolved capsid and the first layer, the densities of the capsid and the first layer were subtracted from the original images. Again, the inner layers were masked out; however, this time a local search in which the angles were allowed to change by ±3 degrees was performed to account for the small deviations from the orientation of the first layer. The same procedure was applied to subsequently determine the structures of the third, fourth and fifth layers. No symmetry was applied on these layers. Model building. A previous model of the nucleocapsid asymmetric unit, which contained proteins P1 A , P1 B , the C terminus of P4 and ten chains of P8, was fitted as a rigid body in the nucleocapsid density in UCSF Chimera 42 , and the model was refined in REFMAC5 43 . To build a model of the dsRNA, 30-mers of canonical A-form dsRNA were fitted in Coot 44 as rigid bodies to serve as starting points. As the sequence of the RNA could not be assigned, the model was built using A-U base pairs. Using custom functionalities of Rosetta (available on request from the corresponding author) 45 , the 30-mers were extended in both directions. For the strands that crossed between layers, the map of the layer showing the best-resolved density was used for each extension and the map of the other layer was used as validation. Analysis of packing parameters. The mean density of dsRNA was calculated within a sphere (with a radius of 220 Å), after subtracting the calculated volume that corresponded to 10 RdRPs (average protein density 0.81 Da per Å 3 ), and using the total length of the genome (13,385 bp) and the average molecular weight of 682 Da per base pair. Custom scripts were written to analyse different packing parameters from the model of the genome. In all subsequent calculations, the position of each base pair was estimated as the average across 10 neighbouring base pairs (with 11 base pairs in total therefore corresponding to one full turn). The RNA packing density was calculated using all dsRNA atoms that were within a distance of 40 Å from each base-pair position. For the first layer, the volume corresponding to the P1 shell was discarded by using a sphere cap with a height of 11.5 Å (the radius of A-form dsRNA). To determine polygonality, hexagonality and cubicity for each base-pair position, a plane that was perpendicular to the direction of the corresponding strand was determined. The base pairs of nearby strands (closer than 50 Å) that were nearest to the position of interest and closer than 3.4 Å to the plane were denoted as neighbours to the base pair in question. The number of neighbours was limited to eight, with a maximum of three in adjacent layers and two in the same layer. The polygonality index (PI) 46 , where n is the number of neighbours and a i are the angles between consecutive neighbours, was calculated as follows:
The neighbours that decreased the polygonality index were considered false positives and thus excluded from the calculation. The hexagonality index and cubicity index were calculated using only the four closest neighbours and their angular deviations from π/3 and π/4, respectively. The angle between the segments [k + n, k] and [k − n, k] was also calculated and denoted as the curvature for n = 15, as determined previously 47 . Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
Density maps and the model that support the findings of this study have been deposited in the Electron Microscopy Data Bank and in the Protein Data Bank (PDB) with the accession codes EMD-0299 and PDB 6HY0 (nucleocapsid, icosahedral symmetry); EMD-0300 (nucleocapsid, D3 symmetry); EMD-0301 (genome first-layer organization pD3); EMD-0302 (genome first-layer organization pD3′), EMD-0303 (genome first-layer organization pC2); EMD-0304 (genome first-layer sub-organization pD3′-1); EMD-0305 (genome first-layer sub-organization pD3′-2); and EMD-0306 (genome first-layer sub-organization pD3′-3). Maps from the layer-by-layer genome reconstruction have been submitted with the accession codes EMD-0294 (genome second layer), EMD-0295 (genome third layer) and EMD-0296 (genome fourth and fifth layers).
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Data analysis
Data was analysed using the following software: motioncorr (2.1), CTFfind4 (4.0.16), Relion (1.4 for 2D classification and 2.0.3 for other tasks), Coot (0.8.9.1), Chimera (1.13.1), and Rosetta 3.8. A custom version of Relion 2.0.3 was used to refine asymmetric structures of the genome. This is available at https://github.com/OPIC-Oxford For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Sample size
No sample size calculation was performed. Sample size (86,114 particles) was sufficient to reach the resolution as estimated by Fourier shell corrlation.
Data exclusions Broken particles that had an incomplete protein shells or that were devoid of RNA were excluded in the 2D classification step performed automatically by Relion software.
Replication
Each structure was determined from two half sets of data that were independent. No replication was performed as runs are deterministic yielding practically the same result every time.
Randomization Data were divided in two data sets randomly.
Blinding
Blinding was not relevant to the study as the data consists of random 2D projections all coming from the same sample.
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